The apoptotic process involved in the male reproductive system regulates the ability of the male to fertilize and pass on his genes through the process of spermatogenesis. Numerous factors are involved in mediating this essential and intricate process. It is known that without programmed cell death there would be an overwhelming amount of chaos within the seminiferous tubules of the testis, which would lead to dysfunctional spermatogenesis, and problems within the male reproductive system. Of the factors effecting testicular apoptosis, we are interested in studying the effects of Nuclear Factor kappa B (NF-κB) as well as select cytokines as they appear to have a significant role in germ cell death. Other mediators will also be briefly discussed in this paper.
INTRODUCTION

Spermatogenesis/ Steroidogenesis-Overview
A quick overview of spermatogenesis permits us to see that it is a complex process allowing for the maturation and proliferation of male germ cells [1] [2] [3] . The onset of puberty allows diploid spermatogonia to turn into mature spermatozoa within the seminiferous tubules of the testes [4, 5] . Spermatogenesis takes places specifically within the seminiferous epithelium of the seminiferous tubules and is divided into four separate phases; namely mitosis, meiosis, spermiogenesis and spermiation [6] . Throughout this process the cells are slowly moving from the basement membrane towards the lumen where the mature spermatozoa will be released, and through contractile movements will migrate to the epididymis where they are stored for a brief period until they reach full maturity and motility [5] . This entire process is termed the seminiferous epithelial cycle of spermatogenesis. It can be broken into six small stages in men, twelve in mice and fourteen in rats based on differing morphological criteria [7] [8] [9] [10] .
Spermatogenesis cannot properly proceed without hormonal support from the hypothalamic-pituitary-gonadal axis [11] . Gonadotropin releasing hormone (GnRH) release from the hypothalamus stimulates the secretion of Luteinizing hormone (LH) and Follicle stimulating hormone (FSH) from the anterior pituitary. LH binds to receptors on the Leydig cells thereby promoting production of testosterone, a crucial hormone involved in spermatogenesis and male sexual characteristics. FSH, also produced by the anterior pituitary, works on the Sertoli cells to produce androgen binding protein which is required for concentrating amounts of *Address correspondence to this author at the Center for Reproductive Medicine, Cleveland Clinic, 9500 Euclid Avenue, Cleveland, Ohio 44195, USA; Tel: 216-444-9485/ 216-444-4402; Fax: 216-636-3118/ 216-445-6049; E-mail: agarwaa@ccf.org testosterone within the testes mediating proper progression of spermatogenesis.
MECHANISM OF ACTION OF APOPTOSIS
Physiological Role of Apoptosis in Maintaining Spermatogenesis
In order for the complex phenomenon of diploid spermatogonia converting into mature haploid spermatozoa there needs to be a proper environment surrounding the cells. This is provided by the Sertoli cells. They provide nutrients and support to allow for the growth and development of the germ cells. To attain optimal sperm output the number of germ cells needs to be within the nurturing capacity of the Sertoli cells [12] , therefore to ensure that these sustentacular cells do not get overwhelmed and that spermatogenesis can correctly take place, programmed germ cell death must occur. Up to 75% of the possible number of mature sperm cells get deleted via this mechanism [13] . This form of controlled apoptosis is mediated by many factors, among which nuclear factor kappa B is included [14] . It is important to note that not all cells undergoing spermatogenesis are apoptotic. It was found that the main NF-κB complex was constitutively expressed within Sertoli cells but immunostaining of rat seminiferous tubules showed that Nuclear Factor kappa B (NF-κB) was present in a stage-specific manner in spermatocytes and spermatids alone and that these were the cells undergoing programmed cell death [4] . Research thus far has not conclusively determined whether or not the same applies for human testes.
General Mechanism of Action Apoptosis-ROS as Mediator
As mentioned apoptosis plays a critical role within the male reproductive system. It allows for elimination of unwanted, harmful cells [15] , promotes complete differentiation and maintains homeostasis within the organism.
Inhibition of cell death increases the likelihood of developing malignancies and over-activating apoptosis can lead to massive destruction of cellular systems. With regards to the male system apoptosis is essential during spermatogenesis to allow for proper germ cell development and maturation [14] .
There are different apoptotic stimuli that can initiate programmed cell death. The type of apoptosis that occurs depends greatly upon the type of stimuli present [16] . An elevated level of reactive oxygen species (ROS) induces damage to cellular structures, because their unpaired valence electrons makes them highly reactive and creates an environment conducive to cell damage and death. Due to the fact that Sertoli cells can create an environment abundant in free radicals testicular germ cells are particularly susceptible to ROS and oxidative stress [17] . A study conducted by Ikeda et al. determined that the formation of free radical species within the testis or within the spermatozoa would increase as the temperature increased, meaning cell death is a temperature-dependent process. Ikeda et al. used varying concentrations of xanthine and xanthine oxidase, which produce reactive oxygen species, to deduce whether or not ROS would indeed lead to testicular apoptosis, as hypothesized. Upon exposure, DNA gel electrophoresis showed DNA fragmentation patterns characteristic of apoptosis. Also, this study demonstrated that apoptosis was dose-dependent, so that increasing concentrations of xanthine lead to a similar increase in dead/dying cells [18] . Oxidative stress markers within testicular cells were elevated upon exposure to tertiary-butyl hydroperoxide (TBHP) coincidentally with an increase in nuclear factor kappa B expression. It is thought that this transcription factor is implicated in ROS-induced apoptosis where it leads to regulation of the germ cells present within the testis [19] .
NUCLEAR FACTOR-κ B
Nuclear factor-kappa B is a family of transcription factors implicated in numerous stress responses including apoptosis within male testicular cells [20, 21] . NF-κB exists as a homo-or heterodimer and is found within the cytoplasm of most mammalian cells. To date there have been 5 mammalian NF family members identified [20, 22, 23] ; the most common being the NF-κB1 (p50) and RelA (p65) subunits [14] . The N-terminus, also called the Rel homology domain, is the mediator of NF-κB's interaction with I kappa B (an inhibitory factor), its dimerization, DNA binding and translocation into the nucleus [24] . The term "Rel" stems from the fact that these subunits share homology with the products of the c-rel oncogene, hence forming the Rel/NF-κB family of transcription factors [20, 25] . The classic proteins bind to specific DNA sequences termed κB sites or κB elements [22] with the consensus sequence 5'-GGGRNNYYCC-3' [20] . The C-termini of the NF-κB proteins contain many copies of the ankyrin repeat which keep these proteins in an inactive, immature state [20, 22] . Processing entails degradation of these repeats to allow for mature, active proteins. In addition to these repeats the inactive NF-κB proteins are maintained as such through their interaction with the IκB family. IκB proteins are inhibitory factors located in the cytoplasm of most animal cells and similar to the NF proteins, there exists many different types of IκB proteins that interact with NF-κB based on individual affinities [26] . IκB associates itself with the nuclear localization signal (NLS) of NF-κB, which prevents the entry of NF-κB into the nucleus, therefore it remains in an inactive state. Stimulation via various extracellular stimuli activates the so-called I kappa B kinase (IκK) complex, which allows for the degradation of the inhibitory proteins. The IκK complex phosphorylates IκB proteins thereby targeting them for ubiquitination and degradation by the Ub/proteosome complex [27, 28] . Now the NLS of NF-κB is exposed, allowing entry of NF-κB into the nucleus where it will allow transcription of different genes. An important role allocated to NF-κB is the part it plays in allowing transcription of genes involved in germ cell apoptosis in male reproduction.
Pro-and Anti-Apoptotic Role of NF-κB
Pentikäinen et al. demonstrated that under serum free conditions, an excessive amount of apoptotic activity was seen in human seminiferous tubules, concomitant with increased amounts of NF-κB activity [14] . Yet to say that NF-κB promotes solely pro-apoptotic functions would be an inaccurate assumption. There are many proteins and factors associated with NF-κB that allow it to carry out its functions in regards to apoptosis of germ cells in different ways. Various studies have shown that NF-κB has both anti-and pro-apoptotic effects within cells yet how it's able to work as a double-edged sword is still unclear [29] . Based on recent evidence, the function of NF-κB, whether or not it demonstrates pro-or anti-apoptotic activity, may be based largely on the environment and stimuli present [14] . Fas ligand (FasL), also known as the death promoting ligand [30] , is a protein expressed by the Sertoli cells that belongs to the family of the tumor necrosis factor proteins [31] [32] [33] . It associates with the Fas receptor, which is a type I transmembrane receptor, located on the testicular germ cells and is involved in an apoptosis signal transduction pathway mediated by NF-κB [34, 35] . Through immunohistochemical experiments, Fas was localized to the same cells that were identified as apoptotic based on the presence of NF-κB, namely the spermatocytes and spermatids [36] . Activation of NF-κB leads to the upregulation of gene expression of FasL and thereby promotes apoptosis of the germ cells [27, 37] . This pathway also involves numerous caspases. These proteins, belonging to the family of cysteine proteases, are what mediate cell death via proteolytic cleavage [38, 39] . They are synthesized as proenzymes and are activated upon cleavage by other proteases. The active form of this enzyme has proven to be a marker for cell apoptosis. Through the activation of adaptor proteins via the interaction between the FasL and the Fas receptor, caspase 8 is recruited, and starts a chain reaction where caspase 3, and other effector caspases become triggered and eventually leads to germ cell death [22] . Sulfasalazine (SS), an anti-inflammatory agent, was used to determine what effects it may have on NF-κB and testicular germ cell apoptosis. In the presence of sulfasalazine both NF-κB activation and germ cell apoptosis were inhibited. Experiments were conducted to determine if the effect of SS was through the inhibition of IκB degradation. Based on Western blot analysis of IκB-alpha exposed to SS it was seen that degradation of IκB still occurred as per usual even though levels of NF-κB were low. This suggests that sulfasalazine works on NF-κB through a mechanism unrelated to IκB. The same study tested the effects of acetylsalicylic acid and N-acetylcysteine on germ cell apoptosis, based on information gathered from previous research. Inhibition of germ cell apoptosis was observed, independent of NF-κB activity, implying that NF-κB and its DNA binding activity remained intact. This finding may lead one to think that nuclear factor kappa B may not play as distinct a role as originally thought in regards to apoptosis but it's more likely that other parallel apoptotic pathways exist within the human testes that produce the different results seen, along with the pathway mediated by NF-κB [14] .
Another factor that affects NF-κB and its function is sphingosine-1-phosphate (S1P). S1P is a phospholipid that can be found distributed widely within mammalian cells and plays a key role in differentiation and apoptosis [40, 41] . This sphingolipid can inhibit apoptosis within human male germ cells and it does so independently of its own receptors. It is believed that S1P works as an intracellular second messenger and inhibits NF-κB [42] promoting anti-apoptotic effects. Seminiferous tubules cultured in serum-free conditions showed an increase in NF-κB expression, but when treated with S1P NF-κB activity was inhibited. It does so by suppressing the degradation of IκB alpha [43] . The Akt protein family, when phosphorylated and active, is responsible for controlling the IκK complex which in turn regulates IκB [44] . It was shown that S1P prevents phosphorylation of Akt therefore hindering the activation of IκK, leading to inhibition of NF-κB and cell apoptosis [43] .
As we know, FSH plays an important role in the process of spermatogenesis [9, 45] . Binding of FSH to its receptors on Sertoli cells leads to activation of adenylyl cyclase and subsequently the production of cAMP. Through this pathway FSH indirectly leads to the activation of protein kinase A (PKA), which turns out to be a regulator of NF-κB [46] . An increase in levels of PKA causes an increase in NF-κB binding activity [4] . The way in which PKA controls NF-κB is through phosphorylation of IκB, which leads to its degradation [47, 48] . A study conducted by Delfino et al. involved use of a molecule known as forskolin to study the effects of cAMP on NF-κB. Forskolin is used to increase intracellular levels of cAMP and led to increases in NF-κB binding activity. Comparing exposure of germ cells to FSH vs. forskolin shows that NF-κB binding increased 4.5 fold with forskolin compared to 2.5 fold with FSH alone [4] , showing the importance of the downstream effects of FSH, namely cAMP production
Role of Cytokines in Apoptosis
Many of the immune-related functions of the body are mediated by immunoregulatory proteins known as cytokines. They also have essential functions outside of the immune system, including autocrine, paracrine and endocrine functions that have an effect on proliferation, differentiation and more importantly, apoptosis of cells [49] .
Tumor necrosis factor-alpha (TNF-alpha) is a cytokine produced mainly, but not solely, by macrophages. It has proinflammatory effects and is key in the maintenance of a hospitable environment within the testes [50] . Similar to Fas, TNF-alpha belongs to a superfamily of death ligands, which is currently made up of 19 members [51, 52] . It mediates its effects through two receptors; TNFR1 (55 kDa) and TNFR2 (75 kDa). Depending on the environment and the cell type TNF-alpha can either induce apoptosis or prevent it [53] . In the human testes it turns out to play an anti-apoptotic role via the activation of NF-κB [50] . Upon binding of TNF-alpha to TNFR1, TNFR1 can recruit the adaptor molecule TRADD which binds to the cytoplasmic death domain of TNFR1. This then leads to the recruitment of another protein, TRAF2 and RIP, which culminates in the degradation of IκB through the activation of the IκK complex and activation of NF-κB [54] . This then allows nuclear factor kappa B to upregulate the transcription of anti-apoptotic genes; namely cIAP1,2 and XIAP, to name a few [55] [56] [57] . An in vitro experiment conducted with a TNF inhibitor (infliximab) resulted in germ cell destruction within rat seminiferous tubules [53] . It has also been shown that TNF-alpha downregulates the Fas ligand within the human testes [30] , thereby providing another pathway to inhibit germ cell apoptosis. This is proof of the multi-faceted role of NF-κB.
Interleukin 1 (IL-1) is one among a family of three 17 kDa proteins: IL-1 alpha, beta and IL-1Ra (receptor antagonist) [58] . They are produced by testicular Sertoli cells [59] [60] [61] [62] [63] [64] [65] and through their activation they inhibit the production of testosterone that is stimulated by LH, human chorionic gonadotropin and cAMP [66] [67] [68] [69] [70] [71] [72] [73] . Without the support from testosterone, cell apoptosis is greatly increased. This is mediated by both alpha and beta interleukin 1. Though they only share 22% homology they bind the same receptor and carry out similar functions [49] . Based on experiments conducted in mice a decrease in testosterone can be seen when inhibition of cAMP leads to the decrease in the gene expression of P450c17 within Leydig cells, which normally allows for the conversion of cholesterol to androstenedione [69] . IL-2 also leads to an upregulation in apoptotic activity within testicular cells by affecting the expression of the P450c17 gene. In this case there is an inhibition of GnRH-stimulated testosterone, instead of being mediated through levels of cAMP [74] . IL-2 also stimulates the secretion of other cytokines such as interferon gamma and IL-1 [75, 76] . As is seen with many other cytokines interleukin 2 leads to elevated levels of glucocorticoids within the system, via interaction with the HypothalamicPitutary-Gonada (HPG) axis. This leads to suppressive effects on Leydig cell steroidogenesis and thus provides another means to promote apoptotic activity within the testes [77] . Interestingly IL-1 also promotes activation of NF-κB through IκB phosphorylation [78] .
The interferon family includes IFN-alpha, beta and gamma [49] . IFN-alpha and gamma predominate within the testis and are produced by macrophages, as well as Sertoli and Leydig cells [79, 80] . Again, there is a decrease in testosterone production associated with the interferon family, as seen within porcine Leydig cells [81, 82] . IFN-gamma mediates this through down regulation of the P450c17 gene, as well as inhibiting the transport of cholesterol into mitochondria [83] .
Three of the five forms of Transforming Growth Factorbeta (TGF-beta) are found within mammals; TGF-beta 1, 2 and 3 [84] . As with the other cytokines described thus far it works by inhibiting steroidogenesis within Leydig cells by reducing the number of LH receptors as well as the signaling that accompanies it [85] . Direct germ cell apoptosis has also been demonstrated in the presence of TGF-beta 1 and 2 during early stages of spermatogenesis [86] . Levels of TGFbeta are tightly regulated within the testes through communication between the Leydig and Sertoli cells [86, 87] .
Another cytokine includes epidermal growth factor which has been implicated in spermatogenesis and is known to be produced by Leydig cells, Sertoli cells, and other cell populations within the testes related to the functions of spermatogenesis [88, 89] . Its exact role remains unclear, as does any connection to NF-κB, but a correlation has been made between spermatogenic dysfunction and the expression of EGF in Sertoli cells [90] .
Based on the available literature, there is some controversy in terms of the role cytokines play in testicular cell death, but the majority of the studies point to cytokines having pro-apoptotic effects, mediated largely via inhibition of steroidogenesis [91] .
OTHER FACTORS INFLUENCING APOPTOSIS IN TESTIS
Other mediators apart from NF-κB and cytokines exist in promoting or inhibiting testicular apoptosis. The most studied is the B-cell lymphoma 2 family of genes. The bcl-2 gene family consists of both anti-and pro-apoptotic proteins. Bcl-2 and bcl-xl are among those involved in mediating cell survival, with Bcl-2 demonstrating antioxidant-like qualities [18] , whereas bax and bcl-xS favor cell death [92] . An appropriate ratio of death promoting and death inhibiting bcl proteins are required to maintain optimal conditions within the testes.
There are also a wide variety of situations where the apoptosis involved in the physiological state of the testes can turn into one of pathological significance.
Heat Stress
Heat stress is a factor involved in germ cell apoptosis within the testes and can lead to a decrease in the fertilizing capability of a male [18] . Based on histochemical staining of adult rat testes it was seen that the main cells where an increase in apoptosis was observed due to high temperatures to the abdomen were the primary spermatocytes and the spermatids [93] . Another study conducted by Ikeda et al. showed distinct, prominent bands of fragmented DNA under heat stressed conditions compared to testicular cells cultured at 32.5 o C, which only showed minimal fragmentation [18] . Recent study demonstrated that pachytene spermatocytes in early and late stages as well as round spermatids of mice show morphological changes as seen with cells undergoing apoptosis after being submerged in hot water at 43 o C for 15 min [94] .
Alcohol
Copious amounts of alcohol has been shown to negatively impact the testes of male rats. The breakdown of ethanol leads to the production of reactive oxygen species via an increase in lipid peroxidation, resulting in apoptosis within the testes. Since alcohol possesses the ability to cross the blood-testis-barrier (BTB) it renders the testes increasingly susceptible to damage [95] . Levels of glutathione, a potent antioxidant, were also decreased in response to alcohol administration [96] . Again, apoptosis was seen primarily within spermatocytes and spermatogonia [97] .
Radiation
Rasoulpour et al. demonstrated that exposure to radiation, specifically gamma-radiation, led to an upregulation of NF-κB activity. This in turn lead to pro-apoptotic effects in the cells involved [98] . Studies have shown that even low doses of radiation can have detrimental effects on spermatogonia [99, 100] . Further research is required to determine the exact mechanism of action of radiation in accordance with NF-κB and cell death.
Restraint Stress
Immobilization stress (restraint stress) induces suppression of spermatogenesis and upregulation of apoptosis within the testicular cells of rats. The reasoning behind this is that there is a decrease in the function of the HPG axis which is an important regulator of testicular function. Stress brings about an increase in production of corticosterone which has a negative effect on the HPG axis. This leads to a decrease in GnRH release which ends in the inhibition of testosterone [101] . The testes no longer have the ability to support themselves and therefore die through programmed cell death.
Smoking
Studies have shown that smoking reduces the number of germ cells present, increases apoptosis in genital cells and induces major changes in the morphology of the testicular tissue. Using testes of human fetuses, Coutts et al. demonsrated the effect environmental toxicants, such as those found in cigarette smoke, have on the male reproductive system. In the presence of DMBA-DHD, the active metabolite of polycyclic aromatic hydrocarbons (PAH), there was upregulation of factors involved in apoptosis; namely bax. There was also upregulation of aryl hydrocarbon receptors (ARH), through which PAH mediate their apoptotic effects [102] , proving the detrimental effects that smoking can have on the male reproductive system
Drugs
There exists a multitude of drugs that have negative outcomes on the structural and functional properties of sperm and the testes. One example would be hydroxyurea (HU), an antineoplastic drug used commonly in myoproliferative disorders. Shin et al. showed that dose-dependent administration of HU leads to programmed cell death of the mouse germ cells. The mechanism is thought to involve the ability of HU to inhibit ribonucleotide reductase, causing a decrease in the amount of DNA precursors required for DNA synthesis. Its effects were restricted to germ cells of already damaged tubules [103] .
EXPERT COMMENTARY
Various studies have shown that the role of apoptotic cell death within the male testes corresponds to a vital facet of survival and propagation of healthy, viable sperm. NF-κB has proven to be of great importance when it comes to programmed cell death because of it's ability to act as a double-edged sword, being pro-apoptotic in one instance and anti-apoptotic in another. The effect of cytokines also plays a huge role in this process and a sizable body of literature has demonstrated that the outcome within the testes is based largely on the surrounding stimuli and the different effects they have on these modulators.
FIVE-YEAR REVIEW
In the past few years, apoptosis has attained much attention. NF-κB has been reported to act as stress sensor. Activation of NF-κB results in upregulation of various genes related to apoptosis of germ cells. A few studies have reported the involved of NF-κB in toxicant-induced testicular injury. Further studies are warranted to understand the role of cytokines and NF-κB in testis during pathological conditions.
KEY POINTS
•
Observations provoke us to hypothesis that NF-κB could be a key determinant in executing ROS-mediated apoptosis in spermatogenic cells of testis following exposure to environmental toxicants.
• During severe stress NF-κB activation protects the Sertoli cells themselves and simultaneously induces the activation of Sertoli cell gene(s) that exerts proapoptotic effects on germ cells.
• Dysregulation in the expression of NF-κB in testis following toxicant exposure could also have impact on other factors involved in the regulation of testicular functions.
